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ABSTRACT We have identified a new family of Tcl-like
transposons in the zebrafish, Danio rerio. The sequence of a
candidate active transposon, deduced from sample Tzf ele-
ments, shows limited resemblance to the previously described
Tdrl elements of zebrafish. Both the Tzf and the Tdr elements
are extremely abundant in zebrafish. We describe here a
general strategy for detecting transposition events in a com-
plex genome and demonstrate its utility by selectively moni-
toring hundreds of potentially active Tzf copies in the ze-
brafish genome against a background of other related ele-
ments. We have followed members of a zebrafish pedigree,
using this two-dimensional transposon display strategy, to
identify the first examples of active transposition of such
elements in vertebrates.

Although DNA-mediated transposable elements have recently
been shown to exist in a variety of vertebrates (1-13), an active
copy has not been found. Such transposons typically carry a
transposase gene flanked by short inverted repeats, and they
are widespread in the invertebrates (14-18). The P elements of
Drosophila and the Tcl elements of Caenorhabditis are a
significant source of mutations in these animals (14, 17).
Vertebrate Tcls have been identified in agnathian (jawless)
and osteichthyian (bony) fishes (3-6), as well as in amphibians
(7). The Tesl element of the agnathian Eptatretus stouti (2), the
Tdrl elements of the zebrafish Danio rerio (4, 5), the SALT1,
Tss, and Tsg elements of salmonoids (3, 4), and the TXr and
TXz elements of Xenopus (7) identified to date have all
suffered insertions and/or deletions and contain stop codons
in their transposase gene.
Remnants (1-4, 7) of such DNA-mediated transposable

elements in genes imply that they were once mobile, but
demonstrating active transposition in a vertebrate genome has
been an overwhelming task. Based on the transposition fre-
quencies of the well-studied invertebrate example, the Tcl
element of Caenorhabditis elegans (14), one would anticipate
the need to examine thousands of progeny at many chromo-
somal loci to detect transposition events in a single generation.
We describe here a novel transposon display strategy and its
use to detect active transposition of a new vertebrate trans-
poson family in the zebrafish.

MATERIALS AND METHODS
Cloning and Sequence Analysis of Tzf Elements. Using a

degenerate oligonucleotide probe corresponding to the amino
acid sequence QQDNDPKHT-a conserved block in the
transposases of C. elegan and E. stouti-we isolated several
Tzf-containing lambda clones from a library of partially di-
gested zebrafish genomic DNA library (Stratagene). Restric-
tion fragments of interest were subcloned into plasmid vectors.
DNA sequences of five Tzf elements were determined using

the Sequenase system (United States Biochemical) and the
CircumVent system (New England Biolabs).
DNA sequences were imported into the GENETIC DATA

ENVIRONMENT (19) for analysis. DNA and amino acid se-
quence alignments were generated by the CLUSTAL V software
(20), with both fixed and floating gap penalty set at 15. Dot plot
analysis of opposite DNA strands was performed, using the
DOTTY PLOTTER program written by Don Gilbert (University
of Indiana) to identify inverted repeats by scanning for
matches of 18 in a moving window of 25 nucleotides. DNA and
protein sequence data base searches were performed using
various BLAST search routines (21, 22).

Two-Dimensional Transposon Display. The zebrafish used
in our experiments originated from the Ekwill Fish Farms
(Gibsonton, FL), and they were bred and maintained by the
Harvard Fish Facility. Each frozen zebrafish specimen was
individually ground into powder in liquid nitrogen, resus-
pended in lysis buffer (20 mM Tris HCl, pH 7.5/5 mM
Na2EDTA/0.5% SDS), and digested with proteinase K (0.5
mg/ml) at 50°C for several hours. DNA was precipitated from
the phenol-extracted lysate with 2.5 volumes of ethanol.

Zebrafish DNA was digested to completion with HaeIII-
Hinfl. Samples of 10-20 ,ug were separated on a nondenaturing
acrylamide gel [acrylamide/6% N',N'-methylene-bis-
acrylamide (wt/vol); 37.5:1] in 40 mM Tris/20 mM sodium
acetate/i mM Na2EDTA buffer at 7 V/cm for 13.5 hr. Each
gel lane (slice) was cut and placed on top of a gel containing
an ascending gradient of denaturing agents [0-28% form-
amide (vol/vol) and 0-5.6 M urea] in the same buffer. An
apparatus (ISO-DALT system; Hoeffer) facilitated simulta-
neous electrophoresis of multiple gels in a 25-liter buffer
chamber for 16 hr at 100 V, 1.5 A at a constant temperature
of 62°C. DNA was electroblotted to nylon membrane and
hybridized to an oligonucleotide probe corresponding to a part
of the inverted end repeat. The membranes were washed
extensively (in 50 mM sodium phosphate, pH 7.2/1% SDS) at
room temperature and finally at 52°C for 2 min. Autoradio-
graphs were scanned and analyzed using VISAGE 4.6 software
from (Biolmage-Millipore). Twenty micrograms of a parental
DNA mixture from two parents was compared with 10 ,tg from
each diploid offspring.

RESULTS AND DISCUSSION
Tzf Elements of Zebrafish. We have identified a new

Tcl-like element in zebrafish. The consensus of several ho-
mologous copies describes a 1621-bp candidate active struc-
ture, which we call Tzf (Fig. 1 A and B). This transposon
resembles the recently reported zebrafish Tdrl element (4, 5)
in overall structure but shares only 38% of its amino acid
residues (Fig. 1B). Phylogenetic analysis of vertebrate trans-
posases groups Tzf with the SALT1 element of Salmo solar (3)
and the TXr element of Xenopus laevis (7).

Data deposition: The sequences reported in this paper have been
deposited in the GenBank data base (accession nos. U51226-U51230).
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FIG. 1. Structure of Tzf elements and comparison of two zebrafish transposons. A 1621-nt consensus DNA sequence was derived from five Tzf
sequences (GenBank accession nos. U51226-U51230). The structure of the individual Tzf elements are shown inA, with arrows representing the inverted
repeats and black boxes representing the transposase coding regions. Major insertions (as the number of nucleotides inserted) and deletions (as gaps)
are indicated. The consensus DNA sequence shown in B is defined by majority at any given position. At the positions where two possible nucleotides could
reside, both are shown in lowercase letters along with the probable amino acid translation [that would fit the multiple vertebrate Tcl transposase alignment
shown in (7)]. The inverted repeats are underlined. The 340 amino acids of the Tdr transposase sequence (4, 5) are aligned below the 339 residues of
the Tzf transposase translation with shared residues marked in bold and unidentified residues marked by an X. In C, the Tdr DNA sequence is plotted
against the Tzf consensus, by scoring for 18 matches in a moving window of 25 nucleotides, to detect identity between their end repeats (arrows) and
their transposase gene (shaded boxes). The numbers correspond to Tzf sequence positions and Tdr sequence positions (GenBank accession no. ZEFTC1).

Dot plot analysis, comparing the consensus Tzf DNA se-

quence against its own complementary strand, reveals a pair of
220-bp inverted repeats encompassing the deduced trans-
posase gene. Alignment of the sequences flanking five pairs of
inverted repeats identifies the presence of a TA dinucleotide
at 8 of the 10 termini (presumably the other two have mutated
to TC and CA), suggesting that Tzf, like Tcl and mariner,
integrates at the sequence TA. Although the originally iden-
tified Tdr element appeared to have much shorter end repeats
of 52 bp (4), a dot plot of opposite strands of Tdr sequence
(GenBank accession no. ZEFTC1) reveals a long extension of

the repeats after a small region of mismatches. [We also
observe 200-bp inverted repeats in X. laevis Tcl-like trans-
posons (7).] The Tzf and the Tdr end repeats are similar in size
but very different in sequence. A dot plot of Tzf against Tdr
not only shows that there is no significant sequence identity
between the Tzf and the Tdr end repeats but also illustrates the
low overall similarity between these two transposon types (Fig.
1C). Lowering the stringency from 18 matches to 12 matches
in a moving window of 25 positions does not improve the
detection of the end repeats.
Genomic Transposon Display. Since a dot plot comparison

of these two transposons shows a lack of conservation of their
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inverted end repeats (Fig. 1C), they can be monitored sepa-
rately in the same genome using end repeat-specific probes,
and, since the trans-acting TclA transposase of C. elegans
functions by binding specifically within the inverted repeats
(23), the number of potentially active Tzfs and Tdrs in the
zebrafish genome can be estimated by counting the number of
conserved terminal repeats.
To resolve the Tzf and Tdr elements in the 2-gigabase

zebrafish genome, we adopted a two-dimensional gel electro-
phoresis system (24-26). Digestion of genomic DNA with a
pair of restriction enzymes that cuts frequently within and
outside the transposon but not in the inverted repeat generates
two target fragments for each transposable element. We first
resolve DNA fragments by size on a nondenaturing polyacryl-
amide gel and then separate by base sequence composition on
a denaturing gradient gel in a second dimension. After transfer
of the two-dimensional pattern to a nylon membrane, target
fragments appear as spots upon hybridization to a single-
stranded end repeat-specific probe. Fig. 2 shows a pattern of

524 hybridization signals to the Tdr probe in a wild-type
zebrafish, while more than 800 signals appear with the Tzf
probe. Thus, '700 Tcl-like elements are equipped with in-
verted repeats and are potentially active in the zebrafish genome.
We monitored Tzf loci between generations by comparing

two-dimensional displays of individual offspring from a single
cross to a template of the total parental DNA (father and
mother, combined). The parental sample shows all the heri-
table Tzf alleles, and each offspring should inherit a subset.
The DNA concentrations, 20 ,ug of parental and 10 jig of
progeny, are such that a single heterozygous locus in the parent
should appear at the same intensity in the progeny. We
followed 51 randomly selected loci (spots) on 12 individual
offspring displays to estimate the frequency of polymorphism.
In strain Ekwill, 65% of the Tzf loci examined were polymor-
phic (33/51), while 35% (18/51) were homozygous in one or
both parents (accounting for two of four, three of four, or four
of four possible alleles) and appear in all offspring. Fig. 3 shows
the data and our analysis to estimate how many single and
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FIG. 2. Two-dimensional transposon displays. HaeIII-Hinfl-digested zebrafish DNA (from one of the 25 offspring samples described in the Table 1
legend) was separated in two dimensions as described. Blotted DNA was first hybridized to a Tdr end repeat-specific probe (5'-
AAATGGTTATGTGCCTTTTTATACAGTGTATGTAAAC), then stripped and rehybridized with a Tzf end repeat probe (5'-AGCTGAAAAAT-
CACATGTACATCAGTATTCACAGCCTTTG). The vertical axis indicates the nondenaturing dimension, while the horizontal axis indicates the
denaturing dimension of the displayed image. Part of the whole 21 x 19 cm2 blot is displayed here as an 980 x 820 pixel image.
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FIG. 3. Tracing Tzf loci between generations to estimate the
frequency of polymorphisms. Fifty-one randomly chosen Tzf loci were
monitored by comparing the two-dimensional displays of 12 offspring
against the combined display of their parents, scoring for the presence

of specific spots at the individual loci. The number of occurrences

(number of loci out of 51 analyzed) was plotted against the frequency
of progeny with a specific spot. The height of each column indicates
the number of loci with that inheritance frequency. To deduce the
number of single (1-het) and double (2-het) heterozygous polymor-
phisms from the inheritance frequency, we estimated the number of
occurrences of having a specific spot present in one-half and in
three-quarters of the progeny. We observed 25 (-50% of all loci) and
8 ( 15%), respectively, assuming a normal distribution with a peak at
6 (out of 12) and a peak at 9 (out of 12). The 18 spots that appear in
all the progeny represent homozygozity in one or both parents. Both
single homozygozity (none in the other parent) and double heterozy-
gozity account for two of the four parental alleles. If the frequency of
these two categories were ihe same, then 8 of the 18 universal spots
would be attributed to single homozygozity (2-homo). The remaining
10 would be double homozygous, or homozygous in one and heterozy-
gous in the other parent (3 or 4).

double polymorphisms there were. A single heterozygous
polymorphism (on one of the four parental chromosomes)
would be inherited by half the progeny as a spot of equal
intensity. We estimate that 50% of the loci in Ekwill are of this
type. A shared heterozygous polymorphism (one chromosomal
locus in each parent) should appear as a spot of equal intensity
in one-fourth of the progeny, of half intensity in one-half of the
progeny, and be missing in one-fourth of the progeny. We
estimate 15% of the loci in Ekwill are of this type. We expect
an equivalent 15% of the loci to be homozygous in one parent
and absent in the other and estimate that a last 20% occur in
three or four copies; all of these would appear as nonpoly-
morphic in this test.

Active Transposition. Does active transposition occur? To
assay for new insertions, we traced anonymous Tzf-containing
loci from one generation to the next. We hoped that screening
all the chromosomal loci at once would eliminate any need to
examine thousands of offspring. We compared the Tzf display

of the total parental DNA (father and mother, mixed) with
displays of 25 individual progeny from a single cross. A spot
that appears in a progeny display but not in the parental sample
is a candidate for a new Tzf locus.
We detected 11 new Tzf loci in the 25 offspring examined.

Fig. 4 shows a number of examples. A new Tzf allele unique to
a single offspring could be attributed either to a mutation at
a specific restriction site or to a genuine transposition event.
We were surprised to observe that ten of the novel spots are
present in more than one offspring (Table 1 and Fig. 4). These
ten multiple occurring new Tzf alleles (in 13-63% of the
offspring) happen too frequently to be attributed to random
mutations at restriction sites. We further examined the com-
bined parental display for faint signals at these 11 novel Tzf
loci, and for four cases, there are faint parental spots of varying
intensities (Table 1). These do not represent polymorphisms,
since all alleles on the parental blot, including single heterozy-
gous loci, should appear at equal or higher intensity than in the
progeny.
Could these novel spots be due to general genomic alter-

ations, such as a change in methylation pattern? A methylation
difference between parent and offspring, such that a sequence
that was methylated in the parent becomes demethylated in the
offspring and thus produces a novel fragment might be con-
jectured. However, the enzymes that we used, HaeIII and
Hinfl, are not sensitive to methylation, so this cannot be a
source of the tovelty. Furthermore, the spot pattern of each
offspring analyzed is otherwise consistent with inheritance,
and these novel spots are randomly distributed among the
offspring. Another alternative interpretation would be incom-
plete enzymatic digestion, resulting in a fragment not being
completely released from the parent, but being completely
released and appearing in some of the offspring. This was
controlled for by examining different exposures of several
different blots of parental DNA, each blot involving an
independent digestion, to see that the appearance or the lack
of appearance (or faint appearance) was a consistent property,
independent of the accident of digestion.
None of the 11 novel spots comes in pairs. We do not have

an explanation for not having detected the expected second
spot, except we are certainly seeing less than half of the spots
and expect a detection bias in that we can observe the
phenomenon only in reasonably clear regions of the pattern.
(In the pattern of Fig. 2, we can use only the outer regions.)

Transposition of Tcl-like elements is frequently associated
with the excision of the element from one site and its reinte-
gration elsewhere (27, 28). Transposition events that occur
during meiosis should appear as unique events in single
offspring. Similarly, somatic transposition during mitosis in an
offspring should appear as unique events. However, mitotic
transposition in the parental germ line should lead to mosa-
icism of the parental germ cells and appear as recurring spots
in a fraction of the offspring, although it is still not detectable
in the total somatic parental DNA. A very early somatic event,
which might be detectable as a faint spot in the parent, might
influence all the germ cells and thus appear in half the progeny.
(Such an event has to occur during the first few cell divisions
to produce enough material for subsequent detection on a
two-dimensional display-detection of 1/32 or 1/16 the in-
tensity of a typical spot is challenging.) Indeed, in four cases,
we observed a very faint signal in the parental sample (Table
1 and Fig. 4), and dark forms of these spots generally occurred
in half the progeny.
Mutation Rate Contribution. Could the background muta-

tion rate be due to active transposition? We detected a total
of 87 new spots. Correcting for the number of offspring
analyzed, we estimate that there were 3.9 changes/offspring;
and, on correcting for the detection efficiency of <49% (see
Table 1 legend), we observe a transposition frequency of about
eight per individual. Suppose the zebrafish has 50,000 genes

Genetics: Lam et al.
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FIG. 4. Novel Tzf loci in a pedigree. We followed hundreds of potentially active Tzfs in wild-type (Ekwill strain) zebrafish from one generation
to the next by comparing Tzf displays of the 25 progeny samples to the parental ones (see Table 1 caption). The corresponding regions in a genomic
Tzf display of the parental DNA (combined father and mother, MF) is shown along with four progeny samples. The name of each offspring is given
within the individual display frames. A black arrow points to the novel spot, while an open arrow marks the corresponding position of the absent
spot or a very faint spot in the parental sample. The coordinates of these spots on the parental display correspond to those given in Table 1. Faint
parental spots appear at (364, 331), (325, 315), (427, 310), and (276, 312).

Table 1. Frequencies of new Tzf loci

Location of Mutant Offspring Mutant Appearance in
novel spot* offspring scoredt offspring, % parental templatet
240, 230 8 20 40 NV
276, 312 13 25 52 +
274, 322 10 25 40 NV
325, 315 15 25 60 +
364, 331 11 25 44 +
427, 310 8 22 36 +
514, 252 4 23 17 NV
781, 443 4 19 21 NV
508, 233 3 24 13 NV
561, 600 10 16 63 NV
689, 440 1 21 4.8 NV

Mutations/offspring§ 3.9

*Location of a novel spot is given as the corresponding coordinates on
the parental template (pixels from the top left corner of the parental
display, the origin).

tTwenty-five individual progeny displays were compared to three
separate parental displays (each contains the total DNA from both
parents) for novel spots. Any regions in a display that are not distinctly
resolved are excluded from our analysis-areas near the edges of a
display, regions with dense hybridization signals, and the occasional
areas distorted during electrophoresis or electroblotting-are scored
as unknown. Therefore, information is not available for some of the
25 offspring at certain loci. The well-resolved areas typically include
about half of the Tzf spots (<49%, or 400 of the >822 spots, on the
parental template were analyzed); thus, approximately half of the
zebrafish genome is covered.
tA + symbol indicates the presence of a faint spot in the parental
display, while NV means not visible. All the novel Tzf loci with a
corresponding faint parental spot are shown in Fig. 4.
§Mutations/offspring was calculated by extrapolating the observed
number of mutants at each locus to 25 scoreable offspring, giving a
total of 97.7 mutations per 25, or 3.9 per individual.

that occupy half of its genome. If every entry into a transcrip-
tion unit were mutational, the mutation rate per gene would
be 8 x 10-5 per generation, or 0.01%. This frequency is
comparable to the 0.01% average background mutation rate
observed by Nusslein-Volhard and coworkers (29) for four
pigmentation genes; thus, mitotic Tzf transpositions in the
germ lines may be responsible for a significant fraction of
mutations in the zebrafish. We do not have an estimate for the
contribution of meiotic transposition to the overall mutation
rate-a novel spot present in multiple offspring is readily
identified, whereas a singular occurrence is more prone to
escape detection.

In summary, we suggest that Tzf s move from one place into
another in the zebrafish genome at a frequency easily detect-
able in a single generation. The frequency suggests that active
transposition may make a - significant contribution to the
overall mutation rate. This fact, along with the ability to
identify novel insertions in a complex genome, should lead to
the development of transposon-based genetic tools for this
popular model organism.
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